Enhancing selectivity in photocatalytic formation of p-anisaldehyde

in aqueous suspension under solar light irradiation via TiO2 N-doping by Yurdakal, S. et al.
1762 New J. Chem., 2012, 36, 1762–1768 This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012
Cite this: New J. Chem., 2012, 36, 1762–1768
Enhancing selectivity in photocatalytic formation of p-anisaldehyde
in aqueous suspension under solar light irradiation via TiO2 N-dopingw
Sedat Yurdakal,*a Vincenzo Augugliaro,b Vittorio Loddo,b Giovanni Palmisanob
and Leonardo Palmisano*b
Received (in Montpellier, France) 15th May 2012, Accepted 9th June 2012
DOI: 10.1039/c2nj40394c
The photocatalytic partial oxidation of 4-methoxybenzyl alcohol to the corresponding aldehyde
(p-anisaldehyde) was performed under simulated solar irradiation by using home prepared
N-doped TiO2 catalysts. The photocatalysts were prepared by a sol–gel method, using TiCl4 as
TiO2 precursor and NH4Cl, urea or NH4OH as N-doping sources. A commercial TiO2 (Degussa
P25) was also used for comparison aims. The prepared catalysts were characterized by BET
speciﬁc surface area, XRD, ESEM and UV-vis spectroscopy. The reactivity results show that
(i) the doped catalysts are predominantly amorphous, and they show selectivity values far higher
than those of the corresponding undoped ones and of well crystallized catalysts – even if the last
ones show a higher activity – and (ii) exploitation of solar light signiﬁcantly increases the reaction
selectivity. In addition, diﬀerent light sources were also used in order to investigate the eﬀect of
radiation wavelength ranges on the reactivity and selectivity to aldehyde.
1 Introduction
Among the various semiconductor materials tested as oxida-
tion photocatalysts, TiO2 has shown to be the most reliable
one due to its low cost, high photostability and activity.1–3
Owing to the fact that TiO2 excitation occurs only under
near-UV radiation and that only a small aliquot (2–3%) of
solar radiation reaching the Earth is in the UV region,
researchers have tried to modify the titania catalysts in order
to make them able to absorb radiation of the visible region.4
Once this type of photocatalysts is at disposal, the cheap and
renewable solar energy could also be used for photocatalytic
syntheses of organic compounds.
In order to reduce TiO2 band gap energy, it is very common to
dope it with some non-metal atoms, such as N, S, C, P and F;5
among these the most active doping is that carried out with
nitrogen, as its size is similar to that of oxygen.
N-doped TiO2 catalysts (N–TiO2) can be prepared by three
diﬀerent methods: spraying and implantation, sinterization at
high temperature and sol–gel method; this last one is the most
successful method5 because it allows an easy control of nitrogen
amount and of catalyst particle sizes.
Even though most of N–TiO2 catalysts have been used for
degradation of harmful compounds under visible irradiation,6–11
a few investigations have been devoted to carry out organic
syntheses with these catalysts.12,13 All these works but one14 have
been carried out by using organic solvents. The choice of organic
solvents instead of water is due to the low solubility of most of
organic molecules in water and to the generally low selectivity of
the photocatalytic organic syntheses in water because they
involve the formation of hydroxyl radicals.2,3
Selective oxidation of hydroxyl groups to carbonyl ones can
be considered a key step in many organic syntheses. In the
industrial practice this process is usually catalytic and it
is carried out in the presence of organic solvents at high
temperature and pressure as well as of stoichiometric oxygen
donors (such as chromate and permanganate) that are not
only expensive and toxic, but also produce large amounts of
dangerous waste. Hence, one of the main goals of current
research is that of eliminating the environmentally harmful
conditions of industrial processes.15,16
Only recently, photocatalytic partial oxidation of aromatic
alcohols to the corresponding aldehydes has been carried out under
near-UV radiation in aqueous suspensions of home-prepared (HP)
anatase,17–19 brookite20,21 and rutile TiO2
22–24 in laboratory batch
reactors and also in continuous reactors.25,26 In those conditions
HP photocatalysts showed selectivity values for aldehyde produc-
tion far higher than those of commercial TiO2 ones.
In order to ﬁnd likely explanations for the diﬀerent photo-
catalytic performances shown by HP and commercial catalysts,
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their textural, bulk and surface properties have been investi-
gated.18,19 It was found that the textural and intrinsic electronic
features of catalysts were almost the same; on the contrary
ATR-FTIR studies indicated that the higher selectivity found
for HP catalysts with respect to commercial ones is related to
their low crystallinity and to their high surface hydroxyl group
density that induces an enhanced hydrophilicity of the TiO2
surface. Both of these properties promote desorption of the
photo-produced aldehyde, thus hindering its further oxidation.
To best of our knowledge the unique work about selective
oxidation with N-doped TiO2 under visible light and in water is
that of Sivaranjani and Gopinath.14 In this study selective oxida-
tion of 4-methoxybenzyl alcohol (MBA) to p-anisaldehyde (PAA)
was carried out successfully in aqueous solution by using N-doped
wormhole mesoporous TiO2 under direct sunlight. After 7 hours
irradiation at wavelengths higher than 420 nm, a 30.2% yield of
aldehyde was obtained. The high activity of the photocatalyst
under direct sunlight, in spite of a high band gap (3.24 eV), is
attributed to the better utilization of holes due to the low charge
diﬀusion barrier associated with wormhole mesoporosity along
with the high crystallinity of nanoparticulate TiO2xNx.
Recently, Bellardita et al.9 reported various sol–gel methods
for the preparation of N-doped TiO2 catalysts to be used for the
degradation of 4-nitrophenol in water under visible irradiation.
Diﬀerent percentages of nitrogen and diﬀerent kinds of precursors
were tested for these preparations. The eﬃcacy of the preparation
method for the N-doping was successfully checked by Raman
spectroscopy and X-ray photoelectron spectroscopy. The doped
powders exhibited two absorption edges: themain one due to TiO2
and the second one due to the presence of a localized midgap band
that induces the visible light activity. The highest photoactivity
was shown by an ex TiCl4 TiO2 catalyst with 2 at% of nitrogen
derived from NH4Cl.
The present work has been devoted to investigate the inﬂuence of
TiO2 N-doping on selectivity of photocatalytic oxidation of MBA
to PAA in water under simulated solar irradiation. The catalysts
have been synthesized by the sol–gel method, characterized by BET
speciﬁc surface area, XRD, ESEM and UV-vis spectroscopy and
tested in a batch photoreactor. By following Bellardita et al.’s
results9 on the optimal concentration of N-doping, diﬀerent
catalysts have been prepared with a ﬁxed nitrogen content of
2 at%but at diﬀerent boiling times of native suspension, calcination
temperatures and nitrogen sources. Moreover the inﬂuence of
diﬀerent radiation sources (near-UV, visible light or simulated solar
radiation) on the photoprocess performance has been investigated.
2 Experimental
2.1 Catalyst preparation and characterization
The precursor solution was obtained by adding 20 mL of TiCl4
(purity497%, Fluka), drop by drop under magnetic agitation,
to 200 mL of deionised water contained in a 500 mL beaker
placed inside an ice bath. After that the beaker was sealed and
mixing was prolonged for 12 h at room temperature, eventually
obtaining a clear solution. Fixed amounts of nitrogen sources
(NH4Cl, NH3 or urea) were dissolved in 125 mL of this
solution; the nitrogen content was calculated as the ratio
between the weight of nitrogen and that of TiO2. The resulting
solution was magnetically stirred and reﬂuxed for diﬀerent
times (0.1, 2, 5, and 8 h) at 100 1C in a ﬂask ﬁtted with a
Graham condenser. The reﬂux zero time was considered that
for which the solution left its transparency. The obtained
suspension was then dried at 50 1C by means of a rotary
evaporator machine (Buchi model M) working at 50 rpm, in
order to obtain the ﬁnal powdered catalysts. In a few cases the
powder was calcined at 400 1C to obtain crystalline catalysts.
The obtained catalysts are hereafter named N-HPX-Y-400, in
which N indicates nitrogen, X the duration of suspension
heating at 100 1C, Y the name of nitrogen source and ‘‘400’’
is used only if the catalyst was calcined at 400 1C.
A blank catalyst was also prepared by following the previously
described procedure but without adding any nitrogen source; it is
named HP2, being 2 the hours of suspension heating at 100 1C.
A rutile TiO2 sample was also home-prepared. The precursor
solution was obtained by adding 20 mL of TiCl4 to 1000 mL of
water contained in a volumetric ﬂask (2 L). At the end of the
addition, the resulting solution was stirred for 2 min by a
magnetic stirrer and then the ﬂask was sealed and maintained
at room temperature (ca. 25 1C) for a total aging time of 6 days.
After ca. 12 h from the starting of aging, the sol became almost
transparent and then, after waiting for a few (2 or 3) days, the
precipitation process started. The solid powder, precipitated at
the end of the treatment, was separated by centrifugation (20 min
at 5000 rpm) and dialysed several times with deionised water
until a neutral pH was reached. Then the sample was again
centrifuged and dried at room temperature. The ﬁnal home-
prepared catalyst is hereafter denoted HPRT.
XRD patterns of the powders were recorded by a Philips
diﬀractometer using the Cu Ka radiation and a 2y scan rate of
1.281 min1. SEM images were obtained using an ESEM
microscope (Philips, XL30) operating at 25 kV. A thin layer
of gold was evaporated on the catalysts samples, previously
sprayed on the stab and dried at room temperature. BET
speciﬁc surface areas were measured by the single-point BET
method using a Micromeritics Flow Sorb 2300 apparatus.
Before the measurement, the samples were dried for 1 h at
100 1C, for 2 h at 150 1C and degassed for 0.5 h at 150 1C.
Visible–Ultraviolet spectra were obtained by diﬀuse reﬂectance
spectroscopy using a Shimadzu UV-2401 PC instrument. BaSO4
was used as a reference and the spectra were recorded in the
range of 300–600 nm.
2.2 Photoreactivity setup and procedure
A cylindrical Pyrex batch photoreactor with an immersed lamp,
containing 0.150 L of aqueous suspension, was used to perform the
reactivity experiments both under visible and near-UV light. The
photoreactor was provided with open ports in its upper section
for contacting the suspension with the atmosphere and for
sampling. A magnetic stirrer guaranteed a satisfactory suspen-
sion of the photocatalyst and the homogeneity of the reacting
mixture. A 125 W medium pressure Hg lamp (Helioquartz,
Italy) or a 100W halogen display lamp (Osram, Germany) was
axially positioned within the photoreactor; it was cooled by
water circulating through a Pyrex thimble surrounding the
lamp. The temperature of the suspension was about 27 1C.
When the medium pressure Hg lamp was used the radiation
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energy impinging on the suspension had an average value of
12.20 mW cm2 in the 315–400 nm range and of 100 mW cm2
in the 450–950 nm range, whereas the halogen display lamp gave
corresponding values of 0.2 and 200 mW cm2, respectively. The
radiation energy values were measured by using a radiometer
(Delta Ohm, DO 9721).
A 1500 W solar light simulator (Solarbox) was employed for the
runs carried out under simulated solar radiation. The distance from
the lamp to the suspension was 27.5 cm. The radiation energy
impinging on the suspension had an average value of 0.79 mW
cm2 (in 315–400 nm range) and 86 mW cm2 (in 450–950 nm
range). The irradiance values of all of the used light sources are
reported in Table 1. A 250mL cylindrical beaker (diameter: 6.7 cm)
containing 150 mL of aqueous suspension was used as photo-
reactor. A magnetic stirrer guaranteed a satisfactory suspension of
the photocatalyst and the homogeneity of the reacting mixture.
The MBA initial concentration was 0.6 mM and the catalyst
amount was 0.6 g L1. This amount guaranteed that all the
catalyst particles were irradiated. Light transmittance was
indeed measured at the reactor wall and ca. 90% of the
emitted irradiance was cut, thus demonstrating that not
all the emitted photons were screened by the suspension.
Before switching on the lamp, the suspension was stirred for
30 min at room temperature in order to reach the thermo-
dynamic equilibrium. The contact of the suspension with
the atmosphere guaranteed that the aqueous solution was
saturated by oxygen.
During the run, samples of reacting suspension were with-
drawn at ﬁxed time intervals; they were immediately ﬁltered
through a 0.20 mm hydrophilic membrane (HA, Millipore)
before being analysed.
The quantitative determination and identiﬁcation of the
species present in the reacting suspension was performed by
means of a Beckman Coulter HPLC (System Gold 126 Solvent
Module and 168 Diode Array Detector), equipped with a
Phenomenex Synergi 4 mm Hydro-RP 80A column at 25 1C,
using Sigma Aldrich standards. Retention times and UV
spectra of the compounds were compared with those of
standards. The eluent consisted of 55% methanol and 45%
1 mM triﬂuoroacetic acid aqueous solution. The ﬂow rate was
0.4 cm3 min1. TOC analyses were carried out by using a
5000 A Shimadzu TOC analyser. All the used chemicals were
purchased from Sigma Aldrich with a purity 498.0%.
3 Results and discussion
3.1 Characterization of the photocatalysts
In the XRD diﬀractograms of titania the peaks at 2y= 27.51,
36.51, 411, 54.11 and 56.51 are characteristic of rutile and those
at 2y = 25.58, 38.08, 48.08, 54.58 of anatase. Fig. 1 shows
XRD patterns of the home-prepared and commercial TiO2
photocatalysts. The HP catalysts are in the anatase, rutile or
anatase–rutile phases; all of the samples prepared at room
temperature (HPRT) or at low temperature (100 1C) show
broad crystalline peaks, indicating that the samples have
a low degree of crystallinity and are mainly constituted by
amorphous phase. Anatase crystals are present in the HP2,
N-HP0.1-NH4Cl, N-HP2-Urea and N-HP2-NH4OH samples
while rutile crystals in the HPRT and N-HP8-NH4Cl samples;
all the other specimens are a mixture of anatase and rutile. The
increase of the boiling time of the N-HP-NH4Cl catalyst
Table 1 Features of the light sources
Light source
Light irradiance
315–400 nm
(mW cm2)
Light irradiance
450–950 nm
(mW cm2)
Reactor
geometry
Solar box 0.79 86 Cylindrical
Visible light (100 W) 0.20 200 Annular
UV light (125 W) 12.20 100 Annular
Fig. 1 XRD patterns of home-prepared and commercial TiO2 photocatalysts.
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determines the formation of rutile crystals and the contemporary
transformation of anatase crystals to rutile which is the most
stable crystalline phase. The N-HP2-Urea-400 and N-HP2-
NH4Cl-400 samples are very crystalline due to the calcination
treatment at a temperature of 400 1C. These samples are a
mixture of anatase and rutile; HP2-NH4Cl-400 has similar
amounts of these two phases while N-HP2-Urea-400 shows
almost the same XRD pattern of Degussa P25 (ca. 80% anatase,
20% rutile). It must be stressed that the thermal treatment at
moderate temperature is able to transform the predominantly
amorphous samples in predominantly crystalline samples.
For the samples prepared at low temperature the values of
the primary crystallite sizes (4.8–10.2 nm, calculated using the
Scherrer equation) were lower than those (16.3–18.2 nm) of the
samples prepared at high temperature and of the commercial
ones (see Table 2). The size of the aggregates of the crystalline
catalysts was quite high and ranged between ca. 20 and 80 nm,
as estimated from SEM observations; the lowest values were found
when samples were thermally treated. Accordingly Fig. 2 shows
that sample N-HP2-Urea is subjected to particles sintering
when calcined at 400 1C. BET speciﬁc surface areas of predomi-
nantly amorphous samples (average value: 150 m2 g1) are
much higher than those of crystalline samples (average value:
45 m2 g1). This strong decrease of surface area is clearly due
to particles growth and sintering eﬀects occurring at the
temperature of treatment.
UV-visible spectra of the photocatalysts are reported in
Fig. 3. All the catalysts show a poor absorbance in the visible
region except the N-HP2-NH4Cl-400 and N-HP2-Urea-400
samples; these catalysts absorb radiation with wavelength as
high as 540 nm while the absorbance of the others stops at
410–420 nm. Among the N-doped samples, only these two
samples are crystalline and could be used under visible light
irradiation. For the excitation of the other catalysts both UV
and visible radiation is needed as it is the case of solar light.
Band gap energies of the samples were determined by using
their UV-absorbance spectra; the corresponding values are
reported in Table 2. Undoped samples present wide band gap
energies (ca. 3 eV), while both predominantly amorphous and
crystalline N-doped TiO2 samples have narrow band gap
energies, ca. 2.94 and 2.88, respectively. These results also
stress the point that only N-doped crystalline TiO2 samples
could be used as photocatalysts under visible irradiation. The
band gap energies of predominantly amorphous and crystal-
line samples clearly indicate that the doping of the TiO2
structure by nitrogen atoms occurred during the boiling treat-
ment and it also increased during calcination.
3.2 Photoreactivity
No oxidation of alcohols was observed in the absence of
irradiation, catalyst or oxygen for runs carried out under the
same experimental conditions used for the photocatalytic
ones. Irradiation, catalyst and oxygen were all needed for
the occurrence of the process.
Adsorption of the alcohol under dark conditions was always
quite low, i.e. less than 5%. For all the used catalysts the main
products of MBA photocatalytic oxidation were the corre-
sponding aldehyde and CO2; this last compound was detected
from the start of irradiation, thus conﬁrming that the mineraliza-
tion of adsorbed alcohol molecules occurs by means of subsequent
oxidative steps, producing species which do not desorb from the
photocatalyst surface into the solution. Small amounts or traces
of hydroxylated aromatics, corresponding benzoic acid and open-
ring products were also found.23 The amounts of these last
products depended on the used photocatalyst; in the presence of
mainly amorphous catalysts only traces of them were found
Table 2 Crystallite phase, BET speciﬁc surface area (SSA), particle
size crystallite sizes and band gap energies of the photocatalysts
Catalyst
Crystalline
phase
SSA/
m2 g1
Anatase
crystals
size/nm
Rutile
crystals
size/nm
Band gap
energy/eV
HP2 A 189 3.6 — 2.98
HPRT R 105 — 6.8 3.01
N-HP0.1-NH4Cl A 179 3.4 — 2.97
N-HP2-NH4Cl A + R 132 3.9 6.5 2.95
N-HP5-NH4Cl A + R 128 4.5 10.2 2.93
N-HP8-NH4Cl R 118 — 4.8 2.94
N-HP2-NH4Cl-400 A + R 27 22.7 16.3 2.88
N-HP2-Urea A 189 4.1 — 2.94
N-HP2-Urea-400 A + R 48 17.7 18.2 2.89
N-HP2-NH4OH A 189 4.3 — 2.93
Degussa P25 A + R 50 26.5 18.2 3.00
Fig. 2 SEM image (magniﬁcation: X200000) of N-HP2-Urea (a) and N-HP2-Urea-400 (b) photocatalysts.
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whereas the crystalline ones (N-HP2-NH4Cl-400, N-HP2-Urea-400
and Degussa P25) gave rise to higher amounts. These products
obviously arise from the subsequent oxidation of produced
aldehyde, being this pathway more relevant for the less selective
and therefore more oxidizing samples. As the determination of
the MBA oxidation mechanism was out of the aim of this paper,
a thorough investigation of all the intermediates produced in the
course of the photoprocess was not carried out.
The ﬁnding that the mineralization of adsorbed MBA
molecules proceeds through steps in which the oxidation
products are not released to the liquid phase suggests that
this process should be favoured by using a catalyst with a
hydrophobic surface.18,19,21 It has been reported18,21 that low
crystalline catalysts have a hydrophilic surface while very crystalline
catalysts have a hydrophobic surface. The hydrophilic/hydrophobic
character is linked to the density of hydroxyl groups on the
titania surface; this density decreases by increasing the treat-
ment temperature of the catalyst.21
For the runs performed under visible light irradiation,
Table 3 reports the photoreactivity results, i.e. the selectivity
to aldehyde (calculated as the ratio between the produced
moles of aldehyde and the reacted moles of alcohol) for 10%
MBA conversion, the irradiation time needed for 10% MBA
conversion, the MBA conversion after 3.5 h irradiation and
the initial oxidation rate of MBA. This last parameter, r0, has
been determined by the following equation:
r0 ¼  1
S
dNMBA
dt
 
0
¼ V
S
 dCMBA
dt
 
0
ð1Þ
in which NMBA indicates the MBA moles, t the irradiation
time, S the speciﬁc surface area, V the suspension volume and
CMBA the MBA concentration. Due to the low light absorption
of the samples under visible irradiation, the reaction rates were
quite slow and therefore the reactivity results are analysed for
10% conversion of MBA. Notably the highest selectivity to
PAA (83%) was exhibited by the N-HP2-NH4Cl sample.
N-HP2-NH4Cl showed a higher selectivity and a little higher
MBA disappearance rate with respect to the HP2 sample,
prepared in the same way as N-HP2-NH4Cl but without adding
nitrogen sources. By considering that the photoreactivity runs
have been carried out at equal rate of absorbed photons, these
ﬁndings suggest that nitrogen in the bulk of titania improves
the reaction rate and that the presence of nitrogen on the
catalyst surface reduces the mineralization sites, therefore
increasing the selectivity. The N-HP2-NH4Cl-400 sample,
prepared by calcining N-HP2-NH4Cl, showed a far higher
photoactivity but a lower selectivity than the N-HP2-NH4Cl
sample. By considering that only the N-HP2-NH4Cl-400
sample shows a good absorbance under visible irradiation,
the reactivity results indicate that the calcination treatment
improves the reaction rate by improving the sample crystal-
linity but it partially deactivates the catalyst sites able for
partial oxidation reaction. For the other N-HP2 catalysts the
N-doping does not aﬀect the selectivity but the reaction rates
decrease, suggesting that nitrogen in the bulk of titania acts as
a recombination center for photogenerated eh+ pairs, thus
decreasing the reaction rate.27 The thermal treatment of the
N-HP2-Urea sample determines the same pattern as that
shown by the N-HP2-NH4Cl one. Indeed the highest MBA
disappearance rate under visible irradiation is shown by the
bare catalysts, i.e. Degussa P25 and HP2.
As far as the diﬀerent nitrogen sources (NH4Cl, NH4OH
and urea) are concerned, the reactivity results under visible
irradiation indicate that the sample doped with NH4Cl is the
most selective photocatalyst. Therefore only the NH4Cl-doped
catalysts were tested under simulated solar light and near-UV
radiation, so as to study the inﬂuence of the irradiation source.
Fig. 3 UV-vis spectra of the TiO2 photocatalysts.
Table 3 Reactivity results obtained under visible light irradiation
Catalysts Ya/mol% tb/h Xc/mol% r0
d/mmol h m2
Degussa P25 30 0.65 25 0.00294
HP2 69 1.5 21 0.00041
N-HP2-NH4Cl 83 1.8 20 0.00043
N-HP2-NH4Cl-400 27 3.8 9.3 0.00118
N-HP2-NH4OH 67 1.7 20 0.00033
N-HP2-Urea 67 2.2 12 0.00027
N-HP2-Urea-400 28 2.1 16 0.00094
a Selectivity for 10% MBA conversion. b Irradiation time for 10%
MBA conversion. c MBA conversion after 3.5 h irradiation. d Initial
oxidation rate of MBA.
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Runs under simulated solar irradiation were carried out by
using diﬀerent catalysts prepared by varying the duration of
the treatment at 100 1C. The reactivity results obtained with
these samples are reported in Table 4; this table reports the
selectivity to aldehyde for 10 and 30% MBA conversion and
the irradiation time needed for 10 and 30% MBA conversion.
The reaction rates under solar radiation are 2–3 times higher
than that under visible radiation, as expected by considering
that the light irradiance between 315 and 400 nm increases by
about 4 times. The results of Table 4 indicate a detrimental
eﬀect on the selectivity at 30% conversion when the thermal
treatment undergone by the photocatalyst lasted more than
2 h. The most active among the N-doped TiO2 catalysts is
N-HP5-NH4Cl; this high reactivity could be due to the
synergic eﬀect of the presence of anatase and rutile phases.28
This is probably due to the recombination rate decrease, caused
by the interaction between the two diﬀerent crystal phases
(dimensions of anatase and rutile 4.5 and 10.2 nm, respectively).
Even under simulated solar irradiation N-HP2-NH4Cl showed
a higher MBA disappearance rate with respect to the HP2
sample, thus conﬁrming the positive role played by N-doping.
Table 4 also shows that the most active catalyst is Degussa P25,
but it is the least suitable one for the partial oxidation due to its
lowest selectivity value, ca. 20%.
HPRT shows a similar photoactivity but a lesser selectivity
with respect to the N-doped samples. The highest selectivity
(90% at 10% conversion, see Table 4) was indeed reached by
using the N-HP0.1-NH4Cl sample. By considering the XRD
patterns, HPRT is more crystalline than the doped catalysts
although synthesised at room temperature. It should be considered
that the HPRT preparation lasted for 6 days and this long time
allowed a better crystallization with respect to other catalysts.
It is worth noting that both Tables 3 and 4 show that
N-HP2-NH4Cl activity and selectivity increased and decreased,
respectively, when it underwent a thermal treatment at 400 1C
and its crystallinity improved. This is indeed in agreement with
previous literature.18–24
The last series of experiments (Table 5) were performed
under near-UV radiation. As the irradiance between 315 and
400 nm of this light source was 15–60 times higher than that of
the other sources, the reactivities were the highest ones. The
highest activity results were found with the N-HP2-NH4Cl
sample that is slightly less active than Degussa P25. Even if
Degussa P25 and N-HP2-NH4Cl catalysts show almost the
same reactivity, their selectivity values are quite diﬀerent,
the N-doped catalyst being four times more selective than
P25 (66 versus 17%). These results clearly stress the point that
an a priori correlation between reaction rate and selectivity
cannot be made. The selectivity parameter depends on the
catalysts surface distribution of mineralisation and partial
oxidation sites.18,19
Fig. 4–6 show representative runs of MBA oxidation with
HP2, N-HP2-NH4Cl and Degussa P25 catalysts under visible,
simulated solar irradiation and near-UV light, respectively.
For the HP2 and N-HP2-NH4Cl samples the reaction
kinetics is of zero order under visible and solar radiation,
while it is of ﬁrst order under UV irradiation. The Degussa
P25 sample instead showed ﬁrst order kinetics under all three
irradiation kinds. It must be stressed that the runs reported
in these ﬁgures cannot be quantitatively compared among
themselves as the irradiation conditions are diﬀerent.
From all the photoreactivity results it may be concluded, as
expected, that the increase of the UV radiation in the light source
enhances overall reaction rate. The aldehyde production rate also
obeys the same pattern. The results also show that the selectivity
to aldehyde generally decreases by increasing the irradiation
energy. This feature can be explained by considering that the
mineralization reaction needs much more energy with respect to
the partial oxidation one; as a consequence the more energetic
UV irradiation should activate preferentially mineralization sites
while visible radiation the partial oxidation ones.
Table 4 Reactivity results obtained under simulated solar irradiation
Catalysts
Ya/mol% tb/h
Xc/mol% r0
d/mmol h m210% 30% 10% 30%
Degussa P25 21 18.5 0.25 0.8 87 0.00725
HP2 71 71 0.55 1.75 56 0.00084
N-HP0.1-NH4Cl 90 76 1.0 2.5 41 0.00069
N-HP2-NH4Cl 72 76 0.90 2.5 43 0.00095
N-HP5-NH4Cl 75 71.5 0.45 1.5 71 0.00162
N-HP8-NH4Cl 70 65 1.0 2.8 36 0.00083
N-HP2-NH4Cl-400 25 24 1.1 2.9 25 0.00373
HPRT 64 64 0.7 2.5 39 0.00126
a Selectivity for 10 and 30% MBA conversion. b Irradiation time for
10 and 30% MBA conversion. c MBA conversion after 3.5 h irradia-
tion. d Initial oxidation rate of MBA.
Table 5 Experimental results obtained under near-UV irradiation
Catalysts
Ya/mol% tb/h
Xc/mol% r0
d/mmol h m210% 30% 10% 30%
Degussa P25 20 17 0.45 1.65 37 0.00618
HP2 73 72 0.20 0.5 68 0.00290
N-HP2-NH4Cl 70 66 0.12 0.35 75 0.00585
HPRT 60 47 0.25 0.85 53 0.00353
a Selectivity for 10 and 30% MBA conversion. b Irradiation time for
10 and 30% MBA conversion. c MBA conversion after 2 h irradia-
tion. d Initial oxidation rate of MBA.
Fig. 4 Experimental results of representative runs of MBA oxidation
with HP2 (E,B) N-HP2-NH4Cl (m,n) and Degussa P25 (’,&)
catalysts under visible light. Symbols indicate the concentrations of
MBA and PAA, respectively.
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4 Conclusions
In this study the eﬀect of N-doping of TiO2 photocatalysts used
to selectively convert MBA to PAA under diﬀerent radiation
sources and in pure water has been investigated. The results
indicate that N-doping and exploitation of solar light, rather
than UV-irradiation, are beneﬁcial for enhancing the selectivity
of partial oxidation of MBA to PAA. In particular poorly
crystalline N-doped catalysts, prepared at low temperature by
using NH4Cl as nitrogen source, have been found to be the
most selective samples, by reaching a 90% selectivity under
simulated solar light. Thermal treatments yield an improvement
in crystallinity and activity (in terms of initial disappearance
rate) but, as the exploitation of UV light, are highly detrimental
for selectivity. Finally doping with nitrogen together with calcina-
tion (see samples N-HP2-NH4Cl-400 and N-HP2-Urea-400) does
not give rise to selective samples, due to a primary inﬂuence of
particles sintering and higher crystallinity leading to high
activity and low selectivity.
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Fig. 6 Experimental results of representative runs of MBA oxidation
with HP2 (E,B) N-HP2-NH4Cl (m,n) and Degussa P25 (’,&)
catalysts under near-UV light. Symbols indicate the concentrations
of MBA and PAA, respectively.
Fig. 5 Experimental results of representative runs of MBA oxidation
with HP2 (E,B) N-HP2-NH4Cl (m,n) and Degussa P25 (’,&)
catalysts under simulated solar irradiation. Symbols indicate the
concentrations of MBA and PAA, respectively.
